) designed using a structureproperty based concept is reported. All complexes feature abrupt SCO-behavior with T 1/2 between 170 K and 187 K. These materials demonstrate that without stabilizing the effects of incorporated solvents or a hydrogen bond-network, the observed cooperativity during high-spin-low-spin transition is anion independent and originates only from the rigidity and internal strain of the propellane-moiety in the ligand. Spectroscopy and structural investigations of these materials are supported by quantum chemical calculations.
Cooperativity in spin crossover materials as ligand's responsibility -investigations of the Fe(II) -1,3-bis((1H-tetrazol-1-yl)methyl)bicyclo [1. , and PF 6 − ) designed using a structureproperty based concept is reported. All complexes feature abrupt SCO-behavior with T 1/2 between 170 K and 187 K. These materials demonstrate that without stabilizing the effects of incorporated solvents or a hydrogen bond-network, the observed cooperativity during high-spin-low-spin transition is anion independent and originates only from the rigidity and internal strain of the propellane-moiety in the ligand. Spectroscopy and structural investigations of these materials are supported by quantum chemical calculations.
Molecular bistability will be a key feature of the next generation of miniaturized magneto-optical devices. 1, 2 In this context, the spin crossover (SCO) effect with its inherent change of magnetic moment, 2,3 color, 4 dielectric constant, 5, 6 resistance, 7-10 conductivity 7-11 and molecular extension (bondlength) 12 upon an external stimulus such as light (LIESSTeffect), 13, 14 temperature, 2,3 pressure, 2,3,15 current, 7-10 etc., allows for a multitude of attractive combinations of properties, guiding coordination and materials chemists alike. Application of such materials, however, requires different criteria to be met by a suitable material. The most important of these characteristics includes an abrupt and complete spin crossover between the high-spin (HS) and the low-spin (LS) state, preferably at or near ambient temperature. In the literature, spin-state transitions are classified according to the shape of the magnetization curve 3, 16 (complete, incomplete, one-step, two-step, multi-step with or without plateau, hysteresis or not) and according to the temperature range necessary for the complete change of the spin state: a spin state transition occurring over more than 10 K is termed gradual or continuous, and over fewer than 10 K, it is termed abrupt or discontinuous. 16 Systematic design of SCO-materials has, unfortunately, to date proven to be impossible. Several influences, often difficult to identify independently overlap, resulting in the observed spin state transition behavior. Among them, cooperativity -the transfer of volume-work due to the spinstate related elongation of the Fe-N bond by a rigid ligandbetween the (inter) molecular alignment and crystal packing is commonly stated as a necessary ingredient for a complete and abrupt HS-LS spin state transition. 17 There are several ways to introduce cooperativity in SCO-materials, including guest molecules, co-crystallized solvents or the appropriate choice of the anion, whereby the density of the packing in the crystal and intermolecular interactions can be tuned. 15, 18, 19 Hydrogen-bonding networks have proven to be especially reliable tools sharpening the abruptness of the spin crossover behavior by enhancing cooperativity. Although, this seems to be the best prospective method for tuning SCO-behavior, relying on intermolecular interactions still requires lengthy trial and error investigations, since no unambiguous quantitative relationship between hydrogen-bonding parameters and SCO behavior is known. 20, 21 To suppress the unpredictable side-effects, based on earlier studies of homologous ligand series and design, [22] [23] [24] a ligand was designed which would promote the cooperativity of the system based on its structural features. A rigid and inelastic connection between single SCO-sites will directly transfer the volume work associated with the spin state transition more efficiently than probably realized by intermolecular interactions, thus establishing cooperativity in the system. 3, 25 Combining internal rigidity with a bridging coordination template which could avoid large, solvent-incorporating cavities, should promote abrupt and cooperative SCO behavior. Based on these assumptions, the 1,3-bis((1H-tetrazol-1-yl)methyl) bicyclo[1.1.1]pentane ( ppditz) ligand, including a highly strained propellane spacer as a short, rigid linker between the coordinating CH 2 -tetrazole moieties, was synthesized (Scheme 1). The reaction of ppditz (4) (5) shows the sharpest transition of the series (T 1/2 = 173 K). The abrupt change in the temperature dependent magnetic moments of 5-7 verifies the initial assumption that the introduction of a rigid, highly strained linker between the coordinating tetrazole-moieties should result in an abrupt SCO. The curves in Fig. 1 26, 27 In the FIR spectra of all three compounds (Fig. S8 , S10 and S12 †) a distinct spin-state dependent iron motion against the N-N-N-planes in the N 6 -octahedron for the LS-state is observed at 252 cm −1 . The corresponding vibrational mode for the iron motion in the HS-state cannot be unambiguously attributed to a single spectral feature, as it coincides with several vibrational modes of the propellane-spacer and the iron motion has no longer been the main contributor (see Fig. S21 †) . 26, 27 Single crystals suitable for X-ray structural analysis of 5 and 6 were grown by layer-to-layer diffusion of the corresponding Fe(II)-source and ppditz. For compound 7 no single crystals could be obtained, regardless of the crystallization conditions. The compounds crystallize in the trigonal space group P3c1, forming 1-dimensional, infinite chains of cations along [001] with P31c-symmetry (Fig. S13 †) . The chains consist of a unique ppditz-ligand, bridging between two iron centers. Each iron atom is surrounded by six identical ppditz-ligands, coordinating to the iron by the N4-nitrogen. The formation of infinite, cationic, 1D-chains is characteristic for bidentate tetrazole ligands, 22, 23, [28] [29] [30] although, the ppditz-ligand used herein stands in contrast to literature known examples since it is devoid of flexibility. Both Fe-N bond-lengths and bond-angles are the same for all six coordinating ligands (Tables S1 and  S2 †) . The Fe-N distances in the HS-state (2.187 Å, 5 and 2.179 Å, 6) and in the LS-state (2.020 Å, 5 and 2.026 Å, 6) are in good agreement with the values expected for Fe 2+ -tetrazole SCO-complexes. 3 The channels between the ppditz-chains are occupied by the anions, yielding a non-porous structure (see Fig. S14 †) . Both tetrahedral anions are disordered in a pseudo mirror-symmetry with the mirror-plane parallel to (001) and are located at the Wyckoff Position 4d with a threefold symmetry. A remarkable feature of both structures of 5 and 6 is the complete absence of a stabilizing, intermolecular hydrogen bonding network. This minimizes any interaction between the , and PF 6 − in the solid state between 10 K-300 K. single [Fe( ppditz)] 2+ chains, as well as between the chains and the anions. This confines the cooperativity of the established structure to the infinite cationic chains. Due to the rigidity of the ppditz-linker between the coordinating tetrazoles, the volume-work caused by the extension of the Fe-N bondlengths during the spin crossover is directly transferred to the adjacent Fe-centers. The ligand, bridging two iron centers each, is largely unaffected by the Fe(II)'s spin state, undergoing only slightest variation in the angle between the propellanelinker and the coordinating tetrazoles. A comparison of both the HS and LS structures of 5 and 6 with representative distances and angles of the cavity is given in Fig. 2 . The structural analysis provides a ready explanation for the slightly different magnetic behavior of 5 and 6 (a larger ClO 4 − anion results in a slightly more gradual transition with a 14 K higher T 1/2 than the BF 4 − analogue). The presence of a slightly larger anion in the channels between the ppditz-chains (ClO 4 − in place of BF 4 − ) results in different structural changes compensating for the volume work during the spin crossover.
In the case of the smaller BF 4 − , expansion occurs predominantly in the xy-plane, with a slight lengthening of the Fe-Fe distance along the z-axis (Table 1 ). In the case of the larger ClO 4 − , the Fe-Fe distance is increased nearly twice as much as in the BF 4 − case and the Fe-N bond-distance is elongated to a lesser degree (Table 1) . The small cavities between the three ppditz-ligands are unoccupied, as was confirmed by 1 H-NMR (Fig. S15 †) and thermogravimetry (Fig. S16-S18 †) . In no case was any evidence for incorporated solvent molecules in the structures found. Nonetheless, all four structures feature cavities occupied by small residual electron densities after refinement of the structural models. The geometry of the residual peaks in these voids resembles a disordered, tetrahedral anion of low occupancy, located at the Wycoff-position 2i, allowing for a tetrahedral occupation. Even using structural restraints, no stable refinement of atoms at these positions was possible. Therefore these residual electron densities were removed by using the Platon SQUEEZEalgorithm 31 to improve the overall quality of the refinement.
Considering the electron density calculated by SQUEEZE (see Table S4 †), approximately every 4 th void is occupied by an anion in the case of structure 5, whereas for 6 every 3 rd void contains a disordered anion. Although, the anion incorporation in cavities between ligands is rather uncommon in SCO-materials, several notable examples of anion incorporation in other metal organic frameworks (MOFs) have been reported. [32] [33] [34] [35] To correlate the structural changes during the spin crossover in 5-7 with the magnetic measurement, temperature dependent powder X-Ray diffraction (P-XRD) was performed. The shift of the peak-positions originating from the volumecontraction/expansion during the change of the spin state observed in the P-XRD data (Fig. 3, Fig. S19 and S20 †) correlates reasonably with the T 1/2 derived from the susceptibility data. Based on the P-XRD data compounds 5-7 were verified to be isostructural.
To allow for a detailed assignment of experimental spectroscopy features and theoretically model the structural moiety of the SCO-material, a quantum chemical model based on [Fe( ppditz)] 2+ -chains was compared to the experimental data.
For this purpose, DFT-calculations with the hybrid functional Fig. 3 Waterfall-plot of the temperature-dependent P-XRD data of 5.
The spin crossover associated volume work is observed at 173 K due to the shift of the peak positions. The inserted line is meant as a guide for the eye (for P-XRD data of 6 and 7 see Fig. S19 and S20). 36-38 and the 6-311++g(d,p) valence triple zeta basis set 39 including polarization and diffuse functions on all atoms were used. The infinite cationic chains were approximated by two 1,3-bis((1H-tetrazol-1-yl)methyl)bicyclo[1.1.1]pentane moieties with a charge of +6 and a spin-multiplicity of 13 without anions in the gas phase, with methyl-tetrazole end groups. For comparison with experimental data only the bond lengths and bond angles of the inner iron(II) center were considered. The structural parameters and bond lengths are in good agreement with experimental findings, except for the Fe-Fe distance, which is overestimated by more than one angstrom (see Tables  S5 and S6 †) . This deviation is known and can be attributed to the absence of the adjacent cationic chains present in the solid phase. 26, 40 The N-Fe-N angles of the coordination octahedron correspond to the experimental findings, deviating only slightly from 90°. Regarding the spectroscopy features, the absolute, uncorrected values differ from the experimental findings, nevertheless the difference between the high spin and low spin state agrees with the experimentally observed shifts. Detailed investigation of the different calculated vibrational modes resulted in the identification of the above mentioned characteristic iron motion in the N 6 -octahedron for the LS-state, 26 representing the main contribution to the experimental FIR-band at 252 cm −1 (see Fig. S21 †).
In conclusion, 1,3-bis((1H-tetrazol-1-yl)methyl)bicyclo[1.1.1] pentane ( ppditz) was chosen as a highly strained, rigid bridging ligand that decouples rigidity and cooperativity leading to an abrupt spin state transition from intermolecular influences. The success of this strategy was confirmed by the examination of three novel Fe(II)-SCO materials with different anions (BF 4 − , ClO 4 − , and PF 6 − ), all of which show an abrupt, single-step, complete and cooperative spin crossover between 170 K and 187 K. In the absence of intermolecular interactions, as demonstrated by structural characterization, the spin crossover is governed solely by the inherent inflexibility of the ligand itself. Of the effects known to govern SCO behavior (ligand flexibility, anion size, guest molecules present within the cavities, solvent effects and intermolecular interactions), all factors except the anion size were carefully controlled. The fact that the variation of the anion size had only a small impact on the resulting spin state transition shows that, in the present case, spin state transition is governed solely by the ligand properties. This study may act as a showcase example of structure-property based rational design of spin crossover materials with enhanced cooperativity.
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